To investigate the mechanism of noise generation by a train-car gap, which is one of a major source of noise in Shinkansen trains, experiments were carried out in a wind tunnel using a 1/5-scale model train. We measured velocity profiles of the boundary layer that approaches the gap and confirmed that the boundary layer is turbulent. We also measured the power spectrum of noise and surface pressure fluctuations around the train-car gap. Peak noise and broadband noise were observed. It is found that strong peak noise is generated when the vortex shedding frequency corresponds to the acoustic resonance frequency determined by the geometrical shape of the gap, and that broadband noise is generated at the downstream edge of the gap where vortexes collide. It is estimated that the convection velocity of the vortices in the gap is approximately 45% of the uniform flow velocity.
Introduction
The suppression of noise along railways has become a major issue as Shinkansen (bullet) trains are made to run at increasingly faster speeds. It has become necessary, in particular, to reduce aerodynamic noise that increases in proportion to the sixth power of speed and greater. Past wind tunnel experiments have shown that current-collecting equipment, bogies, and train-car gaps are the main source of aerodynamic noise (1) . The noise level of the current-collecting system is particularly high, but countermeasures have been put into place through the development of low-noise pantographs (2) and low-noise insulators (3) . The need is therefore felt for reducing the noise generated by the train-car gap that makes a relatively large contribution to overall noise.
Aerodynamic noise generated from the train-car gap and bogie is generally thought to be noise due to cavity flow (cavity noise). Much research has been conducted on cavity noise in the past (4) - (6) , and a more recent report has described attempts at controlling aerodynamic noise by an actuator mechanism (7) . Takaishi et al., moreover, researched flow and noise in the bogie section of railway cars (8) . Nevertheless, the mechanism behind the generation of aerodynamic noise from the train-car gap has yet to be sufficiently explained.
To reduce aerodynamic noise, it is important that flow fields be determined and the noise generation mechanism be understood. In this study, we used a large-scale, low-noise wind tunnel to measure flow velocity and pressure and resulting noise around the train-car gap of a model Shinkansen train and to analyze the correlation between flow and noise. We also isolated noise-generation sites through sound-source-probing measurements.
Experimental Equipment and Method

1 Wind tunnel and test model
In the experiment, we used a large-scale, low-noise wind tunnel belonging to the Railway Technical Research Institute. The measurement section of the open-type wind tunnel is 3.0-m wide, 2.5-m high, and 8.0-m long. The background noise level at a wind velocity of 300 km/h (83.3 m/s) is 75 db(A), the uniformity of wind velocity is under 0.7%, and turbulence intensity is under 0.3% (9) .
We used a 1/5-scale Shinkansen model train equipped with a train-car gap. The model train was affixed to model rails by model bogies and support legs having an airfoil cross-section shape. The model was placed in the center of the wind tunnel measurement section. The cross-sectional area of the model was about 0.45 m 2 making for a blockage ratio of about 6% with respect to the wind-tunnel nozzle area. In the coordinate system used here, the x-axis corresponds to direction of flow, the z-axis to the vertical direction, and the y-axis to the direction perpendicular to each of the above axes. Figure 1 shows the shape and position of the model train in the wind tunnel and Fig. 2 the shape of the train-car gap. The model train is made up of chemical wood and consists of three sections: front-car model, rear-car model, and intermediate-car-gap model. Total length of the model is 7200 mm and the length of one car is 3600 mm. Due to limitations in the length of the wind-tunnel measurement section, the length of one model car is shorter than 1/5 that of an actual Shinkansen car (i.e., shorter than 5000 mm), but the positional relationship between the train-car gap and bogies is the same as that of an actual car. The train-car gap is 100-mm long. As shown in Fig. 2 , a 420-mm-high × 244-mm-wide bellow covers the gangway at the center of the train-car gap. As a result, a cavity is formed around the gangway bellow in the train-car gap. This is called the "gap model" below. Furthermore, to investigate the effects of the train-car gap, we also performed an experiment in which the train-car gap is completely flattened out. This is called the "flat model" below. Figure 3 shows photographs of the flat-model and gap-model configurations. When performing a wind-tunnel experiment with a model train, the relative motion between the model train and the ground must be simulated. However, the noise generated by moving-belt equipment itself is significant, and that makes it difficult to use such equipment in the measurement of aerodynamic noise. Accordingly, to minimize the effects of the boundary layer that develops at the ground plane of the wind tunnel, we made the interval between the bottom of the train car and the ground (under-floor space) larger than the dimensions corresponding to an actual car. In this regard, it has been reported that making the under-floor space twice as high as the normal value makes for a flow-velocity distribution near the bottom of the car that is nearly the same as that when using a moving belt (10) . Considering that under-floor space in actual train cars corresponds to a value of about 80 mm in a 1/5-scale model train, we used a rail model with a height of 120 mm to achieve an under-floor space in this experiment of 160 mm.
In addition, noise from other sources must be minimized as much as possible when investigating noise emanating from the train-car gap. The bogie, in particular, is likely to become a dominant source of noise due to the turbulent air flow that it creates. We therefore covered the bottom of each bogie with a flat plate (bogie-bottom cover) leaving only the tips of the wheels set on the rails to stick out. The use of a bogie-bottom cover makes the turbulent flow at the bottom of a car smaller than that of an actual car, but in this study, we aimed to eliminate the effects of the bogie as much as possible.
With the aim of analyzing the relationship between flow in the train-car gap and generated noise, a φ 7.5-mm tripping wire (TW) was installed on the upstream side of the train-car gap to change the boundary-layer flow approaching the train-car gap. This TW was installed around the circumference of the train excluding the bottom of the car at 0 mm or 80 mm from the upstream edge of the train-car gap. Also, in the case of hot-wire-probe measurements, the TW was installed 80 mm upstream from the tip of the probe. Details will be described in section 2.2. In addition, the train-car gap having the shape of a deep cavity is thought to generate acoustic resonance at specific frequencies. With this in mind, we also performed an experiment with sound-absorbing material installed in the train-car gap. Specifically, we installed 50-mm thick and 420-mm long urethane material along the sides of the gangway bellow in order to confirm the effect of resonance. Table 1 summarizes model conditions. To investigate the Reynolds number dependency of the flow and the frequency characteristics of the generated noise, we performed key measurements at three levels of uniform-flow velocities: 50 m/s, 75 m/s, 100 m/s. In general, the frequency of aerodynamic noise for the case of no acoustic resonance is proportional to wind velocity. On the other hand, the frequency of aerodynamic noise that accompanies acoustic resonance is not proportional to wind velocity but is instead fixed. This makes it possible to check for the presence of acoustic resonance by performing an experiment that varies wind velocity.
The Reynolds number Re for each of the above wind velocities was found to be 1.1× 10 7 , 1.7×10 7 , and 2.2×10 7 for a front car with a typical length of 3.6 m. Each of these values is sufficiently larger than the critical Reynolds number (11) Re c = 3×10 5 that
indicates the transition between laminar flow and turbulent flow at the boundary layer of a flat plane. The boundary layer that reaches the train-car gap is therefore presumed to be of the turbulent-flow type.
2 Measurement of flow-velocity distribution
It is known that aerodynamic noise induced by a cavity flow is dependent on the boundary layer on the upstream side of the cavity. In particular, the level of generated noise will differ significantly depending on whether the boundary layer is laminar-flow or turbulent-flow (7) .
Using a hot-wire anemometer as shown in Fig. 4 , we measured the boundary-layer velocity distribution on the roof of the car on the upstream side of the cavity. In the measurement, we used an L-type support (Dantec 55H22) and a boundary-layer-type I-probe (Dantec 55P15) to prevent disturbing flow near the surface of the car as much as possible. Traverser equipment was installed inside the train model and operated remotely to make the probe traverse upward and downward.
Measurements were performed with model shape being that of the train-car gap with and without a TW. To obtain a velocity distribution corresponding to the boundary layer flowing into the cavity when positioning the TW 80 mm upstream from the edge of the cavity, the TW was here placed 80 mm upstream from the edge of the hot-wire probe.
The thickness of the boundary layer surrounding the model train used in this experiment was about 50 mm as explained in section 3.2. The hot wire was calibrated at a point 100 mm above the roof of the car, because it is thought that effects of the model's boundary layer can be ignored at a distance equal to twice the thickness of the boundary layer from the wall surface. 
3. 1 Measurement of mean pressure distribution by static pressure holes
To investigate flow fields near the train-car gap, we measured mean pressure distribution on the surface of the car. For static measurements, we employed static pressure holes with a diameter of 0.8 mm. A total of 45 static pressure holes were used positioned at points on the model's surface indicated by the black dots in Fig. 5 (a) and (b). The holes were connected to a multi-point pressure meter (ESP-16BP pressure scanner from Pressure Systems, Inc.) by a silicon tube and mean pressure p was measured. The results of these static measurements were given in terms of pressure coefficient C P that makes pressure dimensionless in terms of dynamic pressure 1/2ρU ∞ corresponding to uniform-flow velocity.
3. 2 Measurement of pressure fluctuation by pressure sensors
We embedded pressure sensors in the gap model and measured pressure fluctuation the TEAC RX-800 data recorder. Sampling frequency was 48 kHz (range of analysis frequency: up to 24 kHz) and recording was performed for a duration of 45 seconds. Data was subsequently input to a personal computer and subjected to fast Fourier transform (FFT) analysis after Hanning-window processing. An enhanced frequency-analysis function was needed to investigate resonance frequencies in the train-car gap in detail. The FFT analysis was performed for 48,000 sample points for an average of 45 times with a frequency resolution of 1 Hz. 
4. 1 Noise measurement by a nondirectional microphone
As shown in Fig. 6 , noise measurements were performed by placing a nondirectional microphone lateral to the train-car gap. It was positioned, in particular, 5000 mm in the y-direction from the center of the train-car-gap and 500 mm above the ground plane. The microphone used here was the RION 1/2" UC-31 (frequency range: 10 Hz -35 kHz) using a windscreen. The RION UN04 amplifier was used and measurements were performed with a 20-Hz high pass filter. An FFT analyzer (Ono Sokki FC5220) was used for spectrum analysis. The noise frequency spectrum was analyzed with an analysis-frequency range up to 20 kHz in a frequency resolution of 12.5 Hz.
In these noise measurements, the front supporting leg facing high-speed air flow was expected to be a major source of noise, and for this reason, a noise barrier 800-mm high and 2600-mm long was installed as shown in Fig. 6 . With this barrier, the supporting leg was no longer in direct sight of the microphone making it difficult to pick up noise generated by the supporting leg. A noise-reduction effect of about 1 dB was obtained in the frequency band above 1000 Hz, which is a problem band of noise from the supporting leg. 
4. 2 Measurement of noise-source distribution by a directional microphone system
We measured acoustic-source distribution using a directional microphone system (ellipsoid-shaped acoustic mirror (12) ). The ellipsoidal reflector used here had a diameter of 1.7 m and the test wind velocity was 50 m/s. As shown in Fig. 7 , measurements were performed for an array of 40 points having a pitch of 100 mm, and the acoustic-source distribution was calculated for every 1/3 octave band. Focus points in the y-direction were located on the side wall of the model train. Also, to compensate for the carrying of sound waves from acoustic sources in the downstream direction by air flow before they reach the directional microphone equipment (advective effect), actual measurements were performed 211 mm downstream. This amount of advective compensation was determined by a speaker test performed beforehand. Figure 8 shows the time-averaged static pressure distributions around the train-car gap. The measurement points were arranged along three lines on the top, to the side, and on the bottom of the model (called the top line, side line, and bottom line). The measuring points on each line are numbered from 1 to 15 in ascending order from the upstream side. Although a major change in pressure cannot be observed from the upstream side of the train-car gap to the bottom of the cavity (measuring points 1 to 10), a drop in pressure can be seen to occur at point No. 13 behind the downstream edge. In particular, there is a sharp jump in pressure at point No. 12 followed by a sharp drop in pressure at point No. 13 on both the side line and bottom line. This leads us to surmise that flow separated from the surface of the car at the cavity upstream edge collides with the downstream face of the train-car gap giving rise again to large separation at the downstream edge. The reason that the rise in pressure at point No. 12 on the top line is small is assumed to be that the flow collides on the upper side of the static pressure hole since the depth of the cavity on the top line is shallower than that on the side line and bottom line. Figure 9 shows mean velocity distributions over the roof. Here, the surface of the roof corresponds to origin z=0, and flow velocity U(z) is made dimensionless by the velocity value at z=100 that is taken to be uniform-flow velocity U ∞ .
Results and Discussion
1 Mean pressure distribution
2 Flow velocity distribution
On examination, the shape of these mean-velocity distributions is seen to be nearly the same as the velocity distribution of a turbulent boundary layer given by the 1/7 power law. Shape factor H (displacement thickness/momentum thickness), was evaluated to be H=1. 4 . This value indicates a feature of the turbulent boundary layer after the transition has been completed.
Boundary layer thickness δ defined by U=0.99U ∞ is about 50 mm, and momentum thickness θ is 5.2 mm (50 m/s), 4.9 mm (75 m/s), and 4.2 mm (100 m/s). This momentum thickness corresponds to that of a turbulent boundary layer generated above a flat plate with a length of about 3.5 m. The length from the front of the car to the hot-wire position is about 3.4 m, and though the model has a three-dimensional blunt shape nose, it can be seen that boundary-layer thickness is essentially equal to that of a flat plate. Figure 10 shows turbulence intensity distributions over the roof. Turbulence intensity
is defined as the ratio of the root mean square of velocity fluctuation 2 ' u to uniform velocity U ∞ , expressed as a percentage (%). The measurement results shown here agree well with the results of measuring turbulence intensity in the uniform-flow direction of a boundary layer along a flat plate according to Klebanoff (13) . This also suggests that the flow is nearly two-dimensional flat-plate boundary-layer flow and that the effects of the three-dimensional shape of the model train are small. Next, Fig. 11(a) and (b) show the effects of boundary layer tripping on the velocity and turbulence-intensity distributions. Although the flow is already turbulent even without a TW, the results shown here for "with TW" indicate the following feature: after being churned up by the TW placed 80 mm upstream to the measuring position, the flow again returns to the surface of the car but incurs a large drop in speed and a large increase in turbulence intensity. Figure 12 shows the results of FFT analysis on noise measured with a nondirectional microphone for both the flat model and gap model. Results for the gap model show that noise exists with strong peak characteristics, and in addition, that the noise level of the gap model is several dB's higher than that of the flat model over a wide band. See section 3.3.5 for more details on broadband noise. Here, we take a look at peak noise.
1 Peak noise and acoustic resonance modes
Noise with a strong peak appearing at specific frequencies is thought to be resonance noise caused by the shape of the cavity in the train-car gap. Peak noise can be observed near 390 Hz for wind velocities of 50 m/s and 100 m/s and near 540 Hz for 75 m/s. This tells us that resonance does not occur only at one frequency but rather that different modes of resonance can occur according to wind velocity. A separately performed speaker test revealed that resonance can easily occur to the side of the cavity in the train-car gap at 390 Hz in the horizontal direction and near 500 Hz in the vertical direction. Figure 13(a) shows resulting noise level when injecting random noise into the cavity from the side and from the top. Also, to understand the acoustic fields in the train-car gap, we analyzed the acoustic modes of a 3D car-gap model using SYSNOISE, an acoustic-modeling program based on the boundary element method. Figure 13(b) shows analysis results for 390 Hz and 540 Hz.
Although the train-car gap forms a 3 dimensional shape, acoustic resonance modes can be easily understood by simplifying the model and treating the relationship between shape and wavelength in terms of one-dimensional air-column resonance. Referring to Fig. 13(c) , we consider a single-sided closed mode in which cavity depth to the side of the gangway bellow is 1/4 the wavelength and a double-ended open mode in which car height is 1/2 the wavelength. Accordingly, the 390-Hz peak can be explained as a horizontal resonance mode and the 540-Hz peak as a vertical resonance mode in the train-car gap. The horizontal mode is also demonstrated by the experiment described in section 3.3.4 involving sound absorbing material. 
2 Vortex shedding frequency
It is known that a vortex can periodically occur in a cavity due to a fluid-acoustics feedback mechanism (fluid-acoustics interaction) and that its generation relates to the shedding of peak noise (6) . Accordingly, to investigate pressure-fluctuation period in the cavity of our model, we examined the data obtained from the 3 pressure sensors installed in the train-car gap (above, side, and below) and analyzed associated frequencies in detail. This analysis clarified the periodic pressure fluctuation dependent on flow velocity and the frequencies of intense peaks due to acoustic resonance. Since the intensity of acoustic modes in the train-car gap differs according to position, the measured intensity of resonance peaks will differ somewhat from one sensor to another. It was observed, however, that peak frequencies were the same among all three sensors. To give a representative example, Fig.  14 shows the results of analyzing the power spectrum of fluctuating pressure measured at the sensor situated to the side of the gangway bellow in the train-car gap.
Examining the results for a wind velocity of 50 m/s, peaks can be observed at 220 Hz and 388 Hz. At 75 m/s, peaks exist at 310 Hz and 539 Hz, and at 100 m/s, at 391 Hz, 782 Hz, and 1174 Hz. The peak fundamental frequency is essentially proportional to wind velocity. Furthermore, the frequencies enclosed in a box in the figure are especially sharp and nearly agree with the acoustic resonance modes described in the previous section. Fig. 14 Power spectra of pressure coefficient fluctuations Next, to investigate the relationship between flow velocity and the vertex-generation period in the cavity of the train-car gap, peak frequencies were extracted from the pressure-sensor analysis results. These are indicated by the symbol ◆ in Fig. 15 . In this figure, the horizontal axis represents uniform flow velocity U ∞ and the vertical axis the Strouhal number ∞ = U fL St / , which makes frequency f dimensionless in terms of U ∞ and cavity length L. Here, to facilitate understanding of wind-velocity dependency, we present the measurement results of wind velocities 70 m/s, 90 m/s, and 110 m/s in addition to test velocities 50 m/s, 75 m/s, and 100 m/s, and among these results, we encircle those frequencies that exhibit intense, protruding peak noise as found in Fig. 12 in the results of noise spectrum analysis. The curves in Fig. 15 show the Strouhal number for frequencies at which resonance easily occurs. These results reveal that the frequencies of vortex generation exist near St=0.4, 0.8, and 1.2, which shows good agreement with the experimental results of Rossiter based on a simple cavity shape (4) . They also indicate that resonance noise with intense peaks occurs when the Strouhal number of vortex shedding matches the Strouhal number of acoustic resonance.
3 Vortex convection velocities
Periodic cavity noise occurs when a vortex generated by the shear layer at the upstream edge collides with the downstream edge. This noise, in turns, creates a disturbance in the shear layer at the upstream edge. In short, a vortex-generation mechanism involving feedback is at work here (4) . Feedback period T can be expressed by the following equation
where U c is convection velocity of the vortex flowing from upstream to downstream and c is the speed of sound for conveying information upstream from the downstream edge that the vortex has collided with. Now, given that we already know vortex-generation frequency f from experiment, we here determine U c from the above equation. Table 2 lists frequency f and dimensionless convection velocity U c /U ∞ for main test wind velocities. The ratio of convection velocity to uniform velocity U c /U ∞ is about 0.45 regardless of the value of U ∞ . In an experiment performed by Rossiter for a shallow cavity with L/D=4 (D: cavity depth), U c /U ∞ = 0.57. Also, in an experiment performed by East in which cavity shape L and D and turbulent boundary layer thickness δ are varied, U c /U ∞ falls in the range from 0.35 to 0.6; the value of this ratio is described as being dependent on the ratio λ/ δ where λ is wavelength and δ is boundary layer depth. These convection velocities dependent on basic cavity shapes essentially agree with the convection velocities in the cavity of the train-car gap of our experiment. This tells us that the phenomena occurring in our three-dimensional train-car gap is similar to simple cavity flow. Figure 16 shows the results of measuring noise when using sound absorbing material and a TW zooming in on a peak-frequency area. When installing sound absorbing material along the side of the gangway, resonance is suppressed and no peak is observed near 390 Hz. This result also confirms that resonance is caused by the cavity along the side of the gangway. When using a TW, a drop in the noise level of the resonance peak is observed.
4 Effects of sound absorbing material and tripping wire
The result shown here corresponds to a TW placement of 0 mm from the end of the train-car gap, but the resonance peak also dropped for a TW placement at a point 80 mm upstream. From this, we surmise that the turbulence intensity of a turbulent boundary layer flowing into a cavity affects the generation of resonance. That is, a high turbulence intensity makes the occurrence of periodic vortexes difficult and suppresses the generation of peak noise. 
5 Broadband turbulent flow noise
We have so far been focusing on peak noise generated in relatively low frequency bands. In this section, we investigate noise in high frequency bands. Figure 17 shows results after 1/3 octave-band processing to clarify differences in noise due to model shape.
Peak noise can be observed in the 400, 800, and 1250-Hz bands for the gap model. The peak in the 800-Hz band observed for the flat mode may correspond to resonance originating in the bogie, but a detailed explanation of this has yet to be made. Of particular interest here is that high-frequency noise in the gap model is about 2-3 dB higher than that of the flat model across the wide band above 1600 Hz, that is, above the resonance frequencies. In addition, no noise-reduction effect can be observed in high-frequency noise when using a TW; in fact, a slight increase in noise can be observed when installing the TW 80 mm upstream from the gap edge. 
4 Acoustic source distributions
To isolate high-frequency broadband noise sources, we prepared acoustic-source contour maps every 1/3 octave band from the results of measurements taken with a directional microphone system. In low-frequency bands where resonance occurs, the entire train-car gap was observed to be an acoustic source, but for noise in high-frequency bands, the positions of acoustic sources could be isolated in detail thanks to the high resolution of the directional microphone system (12) . In particular, for high-frequency bands in which no resonance peak sounds are observed, acoustic source distributions having very similar features were obtained over a broad range of bands. To give a typical example, Fig. 18 shows contour maps for the 10-kHz band. Examining the acoustic source distribution for the gap model in Fig. 18(b) , we can conclude that high-frequency noise originates around the downstream edge in the train-car gap. This is the location where air flow is thought to collide and separate significantly based on the results of static-distribution measurements described in section 3.1. Next, for a TW attached 0 mm from the end of the gap as shown in Fig. 18(c) , noise begins to drop from the downstream edge. The reason given for this is that the air flow is greatly churned up and separated on the upstream side of the train-car gap making it difficult for the flow to collide with the downstream edge. However, when attaching the TW 80 mm upstream from the end of the train-car gap as shown in Fig. 18(d) , this effect weakens with the result that a noise-reduction effect near the downstream edge decreases. Also, while the TW itself in Fig.  18(d) is a source of noise, the noise caused by the TW in Fig. 18(c) is minimal. This is likely due to the fact that, in Fig. 18(d) , the flow encounters the surface of the car on the downstream side immediately after being churned up so that pressure fluctuations on the car's surface become a source of noise. 
Conclusions
Wind tunnel experiments on a 1/5-scale model train with a train-car gap led to the following findings about the noise generation mechanism of the train-car gap of Shinkansen trains and about noise-reduction measures.
(1) Flow entering the train-car gap is a turbulent boundary layer and resulting phenomena is typical cavity flow. (2) Aerodynamic acoustics in the train-car gap consist of both resonance noise having peaks at specific frequencies and turbulent noise having broadband frequencies. (3) Intense acoustic resonance occurs when vortex shedding frequency in the cavity and acoustic mode determined by gap shape agree. Multiple resonance modes exist in the train-car gap and resonating modes differ according to wind velocity. (4) Convection velocities estimated from vortex shedding frequencies are about 45% of the uniform flow velocity. (5) Peak noise can be prevented by implementing countermeasures to acoustic resonance modes such as sound-absorbing processing or by increasing the turbulence intensity in the cavity's upstream to suppress the periodic generation of vortexes. (6) Broadband turbulent noise occurs because of flow colliding with the downstream edge of the cavity. Churning up flow by a tripping wire or other means at the cavity's upstream edge has the potential of reducing broadband noise.
